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Headington, Oxfordshire, United KingdomThere is great interest in the force
generated by chemotacting T cells
because force is proposed to be a key
ingredient in the triggering of the
T cell antigen receptor (TCR) and
forming of a functional immunological
synapse. This has been a challenging
problem because methods typically
used to measure forces with stromal
cells cannot be applied to relatively
less adherent and rapidly moving lym-
phocytes. Yang et al. (1) have success-
fully measured the light touch of a
chemotacting lymphocyte with a tool
previously reserved for molecular
studies—the optical or laser trap.
Yang et al. (1), in the April 7, 2015
issue of the Biophysical Journal,
utilized a system of three laser traps
to position two beads as sources of
the chemoattractant gradient and one
bead to test the protrusive force of
the moving cell, up to the trap power
needed to stall the cell. The T cell
type used was Jurkat—a large T
leukemic cell that expresses high
levels of the chemokine receptor
CXCR4 and a functional T cell recep-
tor. The cell line has been widely uti-
lized as a model system for early
T cell receptor signaling events and
chemotaxis. The cells also express
b1 integrins that can mediate adhesion
and motility on fibronectin-coated sur-
faces utilized as a substrate in this
study. This is important, because the
force generation by the migrating cellshttp://dx.doi.org/10.1016/j.bpj.2015.03.049
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substrate mediated by the adhesion
molecules and polarized cytoskeleton
working against the viscosity of the
media (which is small), and a fric-
tional force (which is calculated to
be large). The force required from
the trap to stall the cells was 100–
300 pN, which is at the practical upper
limit of force that can be generated by
a laser trap without causing damage to
a cell. This stall force (Fc) is poten-
tially relevant to forces exerted on
TCR-ligand interactions that poten-
tially form between T cells and anti-
gen-presenting cells in their path. To
put this force in perspective, it is
interesting to look at other forces
measured in T cells and forces
that are relevant for TCR-mediated
mechanotransduction.
Early studies suggested that the
most receptive surface of a T cell for
antigen recognition is the leading
edge (2). It is also clear that lympho-
cytes migrate rapidly in lymphoid
tissue under the influence of chemo-
kines in their search for potentially
stimulatory ligands—complexes of
peptides and major histocompatibility
complex proteins (peptide-MHC) (3).
Prior studies had used biomolecular
force probes to test the protrusive force
generated by freshly isolated human
CD4þ T cells triggered through the
T cell receptor itself. These are the
cells for which Jurkat leukemic cells
are used as a model (4). The biomole-
cular force probe uses a small bead
coupled to a red blood cell with
the membrane tension set by partial
aspiration into a suction pipette.
Displacement of the bead generates a
deformation of the red blood cell,
from which a force and loading rate
can be calculated. The T cell is also
held by a pipette and thus the pushing
or pulling forces work against an effec-
tively fixed cell position, unlike the
experiment of Yang et al. (1), in which
chemokine-driven polarization and
traction mediated by adhesion mole-
cules is critical to generate the pushing
force. The anti-TCR coated beads trig-gered a pushing force of ~25 pN, with
peak forces up to 75 pN. After a push-
ing phase, the F-actin-dependent pro-
trusions underwent a pulling phase
with a loading rate of 2 pN/s. The small
contact between the probe bead and
cell in this context may result in a
small number of TCRs being engaged,
such that these structures may reflect a
small portion of the potential interac-
tions that would be engaged when a
chemotacting T cell encounters an an-
tigen-presenting cell.
Studies with nanopillar arrays
reveal that individual CD4 T cells
deflect anti-CD3-coated 0.5-mm diam-
eter nanopillars with pushing forces
peaking at up to 100 pN, but averaging
~10 pN during the spreading phase and
sustained pulling forces averaging
50 pN once the contraction phase of
immunological synapse formation is
initiated (5). Mouse T cells produced
4 higher force (~200 pN/pillar)
compared to human T cells. The simi-
larity of the force generated by
engaged TCR in the force probe and
pillar studies is consistent with both
of these measures focusing on small
(if not the smallest) signaling units.
Given that these forces act on several
pillars per cells, the collective forces
across an entire immunological syn-
apse are on the same order of magni-
tude measured by Yang et al. (1) for
stalling a chemotacting T cell.
Kim et al. (6) demonstrated that sub-
jecting beads attached to T cell via
nonstimulatory anti-TCR complex an-
tibodies to a lateral force of 50 pN
could lead to stimulation of a Ca2þ
flux, a signature of TCR signaling.
This is very similar to the force exerted
on single pillars, and ~6 such events
could be supported in parallel with
the force generated by a T cell
migrating with a gradient based on
Yang et al. (1). This is consistent with
data that SDF-1a (CXCL12) promotes
immunological synapse formation and
T cell activation (7).
2090 DustinRecent studies with biomolecular
force probes suggest that the optimal
force level for testing TCR-peptide-
MHC interactions to achieve appro-
priate discrimination is 10 pN (8). In
this force range, TCR-peptide-MHC
interactions that lead to functional
activation of T cells display catch-
bond behavior (decreased dissociation
with force), whereas nonstimulatory
peptide-MHC display slip bonds
(increased dissociation with force).
The working model at this point might
be that the force and loading rate asso-
ciated with migrating T cells within
lymphoid tissues generates forces of
~10 pN on individual bonds. The tool
developed by Yang et al. (1) may be
useful for further addressing this issue
with greater depth.
Might these methods be applied to
other cells? Among human leukocytes,
the best model for chemotaxis is theBiophysical Journal 108(9) 2089–2090neutrophil. Chemotacting neutrophils
generate traction forces of ~50 nN
(9), which might translate into much
high values for Fc. This is much
greater than could be generated by a
laser trap, and would conform to
the conventional wisdom that a laser
trap is not a good tool to stop
most migrating cells. However, this
approach seems to be perfectly posi-
tioned to address the role of leading-
edge protrusion by rapidly-scanning,
weakly-adherent amoeboid cells such
as lymphocytes.REFERENCES
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